The cellular mechanisms of meiosis are critical for proper gamete formation in sexual organisms. Functional studies in model organisms have identified genes essential for meiosis, yet the extent to which this core meiotic machinery is conserved across non-model systems is not fully understood. Moreover, it is unclear whether deviation from canonical modes of sexual reproduction is accompanied by modifications in the genetic components involved in meiosis. We used a robust approach to identify and catalogue meiosis genes in Hymenoptera, an insect order typically characterized by haplodiploid reproduction. Using newly available genome data, we searched for 43 genes involved in meiosis in 18 diverse hymenopterans. Seven of eight genes with roles specific to meiosis were found across a majority of surveyed species, suggesting the preservation of core meiotic machinery in haplodiploid hymenopterans. Phylogenomic analyses of the inventory of meiosis genes and the identification of shared gene duplications and losses provided support for the grouping of species within Proctotrupomorpha, Ichneumonomorpha, and Aculeata clades, along with a paraphyletic Symphyta. The conservation of meiosis genes across Hymenoptera provides a framework for studying transitions between reproductive modes in this insect group.
Meiosis, the cellular process involving chromosomal recombination, segregation, and the production of haploid gametes, is widely conserved among eukaryotes (reviewed in Loidl 2016) . Meiosis likely arose once, early in eukaryotic evolution, and its prevalence across extant taxa implies that it confers considerable selective advantages (Barton and Charlesworth 1998; Ramesh et al. 2005) . A conserved suite of meiotic genes involved in proper gamete formation has been identified in model organisms, although some of these genes have been lost in taxa that engage in meiosis and sexual reproduction (Villeneuve and Hillers 2001; Ramesh et al. 2005) . Direct observation of sexual reproduction can be difficult, especially in non-model organisms. However, bioinformatic analyses of genome data from any eukaryotic species can be used to infer the genetic underpinnings of sex and meiotic recombination, including whether an organism may be capable of sex, and how the meiotic machinery evolves.
Organisms with unconventional sexual systems are important taxa in the study of the evolution of meiosis because they offer insight into genetic changes that underlie differences in reproductive modes. In sexual haplodiploid reproduction typical of hymenopteran insects, females lay haploid eggs that develop without fertilization into new adult males. When unreduced sperm from haploid males fertilize eggs, the resulting diploid eggs develop into females. Transitions to asexual reproduction have been documented in several hymenopterans (van Wilgenburg et al. 2006) . Here, females lay unfertilized diploid eggs that develop into daughters, and males are absent. Asexual reproduction in the Hymenoptera can be clonal (apomixis) or can involve recombination with subsequent fusion of meiotic products (automixis) (Lamb and Willey 1987) . The specific mechanism of asexual reproduction can affect patterns of genome heterozygosity and may influence the adaptive potential of natural populations (Suomalainen et al. 1987) .
A "meiosis detection toolkit" uses the identification of intact meiosis genes to investigate the mechanistic capacity for meiosis in non-model organisms, with an emphasis on examining organisms that deviate from canonical modes of sexual reproduction or whose capacity for sexual reproduction is unknown (e.g., Tzung et al. 2001; Ramesh et al. 2005; Malik et al. 2008; Schurko et al. 2009; Hanson et al. 2013; Chi et al. 2013; Patil et al. 2015) . Candidate toolkit genes have been found broadly across eukaryotic lineages, and losses of these genes often produces defective meiosis phenotypes in various organisms (Villeneuve and Hillers 2001; Ramesh et al. 2005 ). This meiotic toolkit includes genes that are involved in both mitosis and meiosis, along with a subset of genes that are meiosis-specific, that is, genes that encode products with functions exclusive to meiotic processes (e.g., doublestrand break formation, chiasmata formation, meiotic recombination; Figure 1 ). When cytological observation of gamete formation is not tractable, documenting the presence of several genes involved in meiosis, including meiosis-specific genes, is an indirect way to assess an organism's ability to form gametes via meiosis.
Meiosis gene homologs have previously been identified in a limited set of insects, including just 2 hymenopterans: the jewel wasp (Nasonia vitripennis) and the European honeybee (Apis mellifera) (Schurko et al. 2010) . Between Nasonia and Apis, some gene duplications and losses were inferred, and additional patterns of duplication and loss were apparent in hymenopteran versus non-hymenopteran comparisons. The absence of the meiosis-specific gene DMC1 in Nasonia and Apis was particularly striking and warranted a broader survey of this and other genes across the insect order. The recent expansion of available genomic data for hymenopteran insects facilitates expanded efforts toward meiotic gene finding and annotation. Here, we searched for homologs of 43 meiosis genes in 18 newly available hymenopteran genomes, including in an asexual wasp, Diachasma muliebre, for which genome sequence data has been recently generated. Our analyses utilize representatives from 4 groups (Proctotrupomorpha, Ichneumonomorpha, Aculeata, and Symphyta; Table 1 ) that represent a broad sampling of the biodiversity of Hymenoptera (Aguiar et al. 2013 ).
Materials and Methods

Hymenopteran Meiotic Gene Inventory Development
To compile an inventory of meiosis genes, we used genome assembly data from 21 insects (Table 1) . We accessed data on NCBI (http:// www.ncbi.nlm.nih.gov/) and Ensembl (http://www.ensembl.org/) between January 2015 and August 2016. We developed a custommade BLAST script to retrieve candidate homologs (Camacho et al. 2009 ). We used tblastn with meiotic protein models reported in N. vitripennis (Schurko et al. 2010) to query insect genomes for potential homologs. Candidate homologs became queries for the blastx algorithm to confirm their identity. We chose proteins previously identified and characterized from N. vitripennis because the availability of genomes from 2 other Nasonia species allowed us to test the performance of BLAST scripts. In the event that a N. vitripennis model did not produce a strong BLAST hit (E-value > 1e-20), we searched the genome dataset using available protein sequences from Figure 1 . Overview of key processes involved in meiosis. Gamete differentiation during asymmetric cell divisions (I) facilitates entry into meiosis (II). Prior to meiotic entry, chromosomal content is duplicated via DNA replication, followed by the appearance of the centromere and the synaptonemal complex (III). Synapsis and recombination of homologous chromosomes (IV) occurs during Prophase I. Synaptonemal complex machinery disassociates to enable segregation of chromosomes during Anaphase I (V). In Meiosis II, sister chromatids separate (VI) and the final haploid gamete fully develops (VII). Boxes contain meiosis genes investigated in this study. a basal hymenopteran (Athalia rosae), and 3 non-hymenopteran insects (Drosophila melanogaster, Aedes aegypti, Tribolium castaneum). Whenever possible, we retrieved protein sequence data generated using automatic prediction pipelines from NCBI/Ensembl. We discarded gene duplicates identified in assemblies which had identical sequences. We also discarded putative duplicates that were less than half of the total alignment length if characteristic protein domains were absent. We manually annotated sequences without predicted models using alignments with homologs in other hymenopterans. The completed meiotic gene inventory included our predictions for transcription start sites, exon-intron boundaries, and stop codons.
D. muliebre Genome Sequencing and Annotation
We extracted genomic DNA from a single female D. muliebre collected in Roslyn, WA (47.22° N, 120.99° W, 685 m elevation). We prepared DNA libraries using the KAPA Hyper Prep kit (KAPA Biosystems, Wilmington, MA) and sequenced 2 × 300 paired-end reads using the Illumina MiSeq platform (Illumina Inc., San Diego, CA). We used TrimGalore v0.4.0 and FASTQC (Babraham Bioinformatics) to remove adaptors, trim low quality read ends with a Q > 20 cutoff threshold, and visually inspect read sets before and after trimming protocols. After inspection, we determined the best k-mer value for de novo assembly with Kmergenie (Chikhi and Medvedev 2013) . We used SOAPdenovo2 (Luo et al. 2012 ) with default parameters to build a draft assembly for D. muliebre. We queried assembly scaffolds using meiotic gene models generated from the Diachasma alloeum genome data to identify and annotate equivalent models for D. muliebre.
Phylogenetic Analysis
We produced protein alignments using Geneious software v9.1.0 (accessed March 2016 at http://www.geneious.com, Kearse et al. 2012) . We aligned sequences using MUSCLE (Edgar 2004 ) with default parameters, followed by manual inspection. Once alignment datasets were compiled, we arbitrarily chose 10 genes to estimate protein substitution models using MEGA v6 (Tamura et al. 2013 ). The LG+G model (Le and Gascuel 2008) provided the best estimate of molecular evolution over the sampled genes. We constructed maximum-likelihood trees using PhyML v3.0 (Guindon et al. 2010). We applied the LG+G model with a discrete Gamma distribution (8 rate categories) to estimate evolutionary rate differences among sites in the alignment. A BioNJ algorithm produced an initial tree for the heuristic search, which was optimized with SPR+NNI to produce a final tree with estimated maximum log likelihood. We performed 2 separate tests for estimating branch support: an approximate Likelihood-Ratio Test (aLRT) and 1000 bootstrap replicates provided support for final trees. For gene families with multiple paralogs, we extracted conserved regions and constructed maximum-likelihood trees to assess gene family composition and modify erroneous annotations resulting from automated prediction pipelines. After confirming orthology, we produced separate trees for each gene family member to ascertain whether topologies and their associated branch supports could be further resolved. Finally, we used the phylogenetic methods described above for 2 concatenated multi-gene datasets to characterize the overall hymenopteran phylogeny: the first dataset contained genes having >50% species representation including meiosis genes and mitosis paralogs (46 total). To test for effects of dataset selection on topological concordance, we analyzed a second dataset containing a subset of the first which also included monophyletic groupings for species within Proctotrupomorpha, Ichneumonomorpha, and Aculeata (33 total).
Results and Discussion
Our combined use of bioinformatic and phylogenetic methods allowed for a full characterization of meiosis genes in the 18 focal hymenopteran genomes, including potential duplication/loss events ( Figure 2 ). The meiotic gene inventory we describe consists of 43 protein-coding genes that 1) have functionally-described roles in meiosis in model eukaryotes, 2) are conserved across eukaryotes, and 3) have been identified previously in multiple arthropod lineages, including 2 hymenopterans (Schurko et al. 2009; Schurko et al. 2010) . Included in the meiotic gene inventory are 8 meiosis-specific genes (boldface in Figure 2 ) for which functional expression occurs only during meiosis and for which meiotic defects are observed in null mutants in model eukaryotic organisms (Ramesh et al. 2005) . Gene coordinates and models used in this study, including meiosis genes and mitotic paralogs used to confirm orthology, are provided in the Supplementary Material (Supplementary Tables S1-S19, Supplementary Figure S1 ).
Overall, we found 33 of 43 genes in all hymenopterans surveyed ( Figure 2 ). Genes involved in cell cycle control and chromosomal structure maintenance were well conserved. Only CORT and REC8 were not universally recovered, and CORT was only missing in one species. The composition of genes with roles in meiotic Figure 9 ). Grey boxes indicate gene is present. Numbers in boxes denote gene copies. Black boxes indicate genes not found in this study. *C(2) M in Drosophila melanogaster and PMS1 in Ceratosolen solmsi marchali display low sequence conservation and were omitted from final sequence alignments for these genes. **Genes from Apis mellifera are shown according to a previous report (Schurko et al. 2010 ) but were not included in alignments in this study.
recombination is varied in Hymenoptera; 7 of 24 genes were not found, ranging from individual species to the entire insect order. We found evidence for several meiosis gene duplication events, including 3 that provide support for the placement of clades in our tree. Of particular interest, all 8 meiosis-specific genes were identified in Hymenoptera (boldface in Figure 2 ). Evidence suggests broad conservation of 6 of these 8 genes, with DMC1 likely lost early in hymenopteran evolution and REC8 potentially experiencing multiple separate losses.
Meiotic Genes: Cell Cycle Control
Cyclins, Cyclin-dependent Kinases, and cdc20 Homologs
Members of the cyclin-dependent kinase (CDK) family are responsible for multiple stages of cell-cycle progression, which is mediated through interchangeable protein complexes formed with the binding of cyclins (reviewed in Hochegger et al. 2008; Harashima et al. 2013; Malumbres 2014) . In animals, entry into the cell cycle is characterized by the association of CDK4/6 with Cyclin D, forming a complex which inactivates transcriptional repressors (Malumbres and Barbacid 2001) . CDK2 primarily binds Cyclins A/E during the G1-S phase progression. Knockdown of CDK2 in mouse spermatocytes causes improper chromosomal pairing during Prophase I (Ortega et al. 2003) . After DNA replication, the G2-M phase transition in mitosis and meiosis is mediated by CDK1 activation by Cyclins A/B/B3. Although some CDKs have been shown to be dispensable for proper cell cycle progression, CDK1 defects are lethal (Santamaría et al. 2007 ). Phosphorylation of targets by CDK1 is required for proper oogenesis (Adhikari et al. 2012 ) and spermatogenesis (Clement et al. 2015) in mammalian cells. Although there is some functional redundancy in mitotic cyclin activity (Cyclin A is required for mitosis, whereas Cyclins B/B3 are dispensable), aberrant cyclin activity in meiosis results in fertility issues (Liu et al. 1998; Jacobs et al. 1998 ). CDK1 expression is indirectly regulated by CDK10 during the G2-M progression (Kasten and Giordano 2001) . Global Cyclin A/B/B3 destruction and targeted Cyclin B destruction on meiotic spindles is achieved by coordinated activity from CDC20 homologs Cortex (CORT) and Fizzy (FZY) in Drosophila to complete the process of meiosis (Pesin and Orr-Weaver 2007; Swan and Schupbach 2007) .
Cyclin homologs were present in single copies in all taxa with the exception of the beetle outgroup Tribolium which has 2 copies of Cyclins A and D ( Figure S2 ). Cyclin-dependent kinases involved in meiosis (CDK1, CDK2) were both monophyletic in major groups across the Hymenoptera, and formed protein families distinct from their mitotic counterparts (CDK4/6, CDK10; Figure 3B , Supplementary Figures S8-S12 ). CDK2 in Tribolium grouped with CDK1 homologs with weak branch support (Supplementary Figure S8) . The results support the observation of conserved cyclin-CDK complex elements originating from basal metazoans (Cao et al. 2014) . We also identified CDC20 homologs in queried insects. With the exception of the apparent absence of CORT in the European paper wasp Polistes dominula, single copies of genes formed distinct clades for CORT, FZY, and mitotic fizzy-related (FZR) genes ( Figure 4A, Supplementary Figures S13-S16 ).
Polo Kinases
Polo kinases are characterized by the presence of polo-box domains that facilitate protein targeting, and perform multiple functions in mitosis and meiosis (reviewed in Archambault and Glover 2009; Zitouni et al. 2014) . PLK1 (POLO in Drosophila) was the first member of this family to be identified; mutant screens in flies localized a kinase displaying spindle defects in the G2-M phase transition (Llamazares et al. 1991; Sunkel and Glover 1988) and abnormal chromosomal segregation during meiotic divisions (Herrmann et al. 1998 ). Inactivation of PLK1 by Matrimony (MRTM) prevents phosphorylation of the meiosis-specific protein CDC25 (Twine in Drosophila) to delay meiosis until proper oocyte development is reached, ending when PLK1 levels exceed those of MTRM (Xiang et al. 2007 ). Activation of the CDC25 homolog by PLK1 leads to subsequent interaction with the Cyclin B/CDK1 complex to promote meiotic entry (Kishimoto 2003) . Duplication of PLK1 prior to animal-fungi divergence likely gave rise to pololike kinase 4 (PLK4; Carvalho-Santos et al. 2010 ). The requirement of PLK4 for centriole duplication has been described in Drosophila (Bettencourt-Dias et al. 2005) . Additional PLK1 duplications (PLK2, PLK3, PLK5) have been described in vertebrates, although their function in cell cycle progression is not fully understood (Carvalho-Santos et al. 2010) .
We found homologs for PLK1 and CDC25 in all hymenopterans ( Figure S17 ). In addition, we identified several PLK2/3 genes, which are referred to as such due to their basal phylogenetic position relative to a vertebrate duplication event leading to PLK2 and PLK3 clade formation ( Figure 4B , Supplementary Figure S19 ; Schurko et al. 2010 ). These PLK-like sequences were present in every hymenopteran surveyed with the exception of the parasitoid wasp Copidosoma floridanum, and the non-hymenopterans Drosophila, Aedes, and Tribolium, however homologs are present in Daphnia and other arthropods (Schurko et al. 2009; Schurko et al. 2010) . CDC25 was present in all hymenopterans in single copies, but has 2 homologs in Drosophila; the aforementioned Twine and mitotic cycle-regulator String (Supplementary Figure S21) . Homologs of CDC25 in Hymenoptera formed a distinct clade from dipteran sequences. We could not identify MTRM in any taxa outside Drosophila, consistent with a previous report that the gene was not found in 2 hymenopteran species (Schurko et al. 2010) . Though the PLK and CDC25 genes are present in Hymenoptera, potential roles in meiosis for these genes cannot be determined without functional studies.
Meiotic Genes: Initiation and Maintenance of Chromosome Structure
Cohesin Complex
Cohesin is a multisubunit protein complex that is involved in sister chromatid cohesion that initiates during S-phase and ends with chromatid segregation at the onset of anaphase (reviewed in Nasmyth and Haering 2009). The core cohesin machinery includes 2 structural maintenance of chromosome proteins (SMC1, SMC3), RAD21 (replaced by REC8 in meiotic pathways), and stromal antigen (SA). A paralog of SA in Drosophila (SNM) has been implicated in achiasmate meiosis in males but was not found in any other insects (Thomas et al. 2005; Schurko et al. 2010) . Timeless (TIM1) is a circadian rhythm protein in insects (Myers et al. 1995) and its paralog, timeout (TIM2), has been implicated in chromosome stability (Benna et al. 2010) . The role of TIM2 in cohesin loading was demonstrated in C. elegans (Chan et al. 2003) . In Drosophila, TIM2 mutants show chromosomal structure aberrations during metaphase, but in a cohesin-independent manner (Benna et al. 2010 ). The RAD21 (or REC8) subunit is cleaved by Separase during the removal of cohesin from chromosomes and segregation of sister chromatids to opposite poles of the dividing cell (Buonomo et al. 2000; Uhlmann et al. 2000) .
Structural Maintenance of Chromosome Genes
Cohesin structural maintenance genes SMC1 and SMC3 formed well-supported clades with respect to structural maintenance genes that are part of the condensin complex (SMC2, SMC4; Figure 2 , Figure 5 , Supplementary Figures S22-S26) . A previously reported duplication of SMC1 in Nasonia was also identified in other hymenopterans; identified copies in all queried wasps in Proctotrupomorpha suggest a duplication event in that stem lineage, and SMC1 also has duplication events in individual species of Ichneumonomorpha and Symphyta (Supplementary Figure S23) . Sporadic duplication events of SMC3 occurred in the parasitoid wasp Trichogramma pretiosum (Proctotrupomorpha) and the basal sawfly Neodiprion lecontei (Symphyta) (Supplementary Figure S25) . Wasps in Ichneumonomorpha also contain duplicates of SMC3, with an additional duplication event occurring prior to the origin of Diachasma (Supplementary Figure S25) . Duplicate copies of SMC1/ SMC3 genes have long branches, suggesting these genes may be undergoing an accelerated rate of evolutionary divergence ( Figure 5 ).
RAD21/REC8, SA, and Cohesin Interactors
Core cohesin complex genes are mostly conserved across Hymenoptera (Figure 2, Figure 6 , Supplementary Figure S27-S30 ). During construction of the RAD21/REC8 phylogeny, we identified C(2)M in Drosophila, a gene previously implicated in the formation of meiotic products in a REC8-like manner (Manheim and McKim 2003) . After attempting to align the C(2)M with the RAD21/REC8 sequences, we decided to omit the sequence from the final phylogeny due to poor alignment in conserved regions. The omission of this gene was reasonable, as a previous study indicated that C(2)M may indeed be a divergent REC8, but its homology is unclear (Heidmann et al. 2004 ). We found single copies of RAD21 in all insects, which formed a distinct clade from its meiosis-specific paralog, REC8 ( Figure  6, Supplementary Figure S27 ). We were unable to recover REC8 from 5 insects across the hymenopteran phylogeny (Supplementary Figure  S29) . REC8 has experienced numerous changes in arthropods; gene losses were reported in the in pea aphid Acyrthosiphon pisum and the yellow fever mosquito A. aegypti (Schurko et al. 2010; Hanson et al. 2013 ; this study), whereas gene duplications were found in the water flea Daphnia pulex (Schurko et al. 2009 ). Regions of putative REC8 homologs used in alignments had few conserved sequence domains in a short N-terminal region (<100 amino acids). Although it is possible that REC8 has experienced 3 distinct loss events in Hymenoptera, it is also possible that high sequence divergence and/or incomplete genome assemblies preclude our ability to retrieve these sequences in all species. We found duplicates of SA in 3 wasps in Ichneumonomorpha; long branch lengths indicate sequence divergence similar to SNM in Drosophila (Supplementary Figure S30) . Cohesin interactors Separase and TIM2 are present in single copies across Hymenoptera (Supplementary Figures S31-S32 ). Consistent with previous findings, TIM1 is absent in all surveyed insects, supporting this protein was lost ancestrally in Hymenoptera (Supplementary Figure S32) . The role of TIM2 in Hymenoptera is not fully understood; it may have co-opted the circadian rhythm function in the absence of timeless or simply retains function relevant to maintenance of chromosomal integrity (Gu et al. 2014 ). Meiotic Genes: Recombination
Double-Strand Breaks and Strand Invasion
The process of meiotic recombination is initiated by the production of double-strand breaks (DSBs) by the topoisomerase SPO11 (Keeney et al. 1997) . SPO11 homologs are broadly distributed across eukaryotes, suggestive that it is indispensable for meiosis (Ramesh et al. 2005; Malik et al. 2007 ).
The generation of DSBs is followed by loading of RECA homologs RAD51 and meiosis-specific DMC1 proteins onto ssDNA that execute a homology search and strand invasion, ultimately resulting in the use of homologous sequence as a template for DNA synthesis (reviewed by Krejci et al. 2012 ). The formation of nucleoprotein filaments is facilitated by the action of RAD54 ATPase homologs. RAD54 functions with RAD51A to activate strand exchange between sister chromatids, whereas RAD54B interacts with DMC1 to facilitate interhomolog exchange (Nimonkar et al. 2012 ). Knockouts of DMC1 are associated with absence of recombination intermediates and fewer crossover events in yeast and mouse (Bishop et al. 1992; Pittman et al. 1998 ). Absence of DMC1 in Drosophila indicates that this protein is not absolutely required for meiosis (Neale and Keeney 2006) .
Additional proteins are associated with stabilization of nucleoprotein filaments, including several RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) and the heterodimer MND1-HOP2. Knockout of RAD51 paralogs creates aberrant chromosomes and impairs homologous recombination events (Takata et al. 2001) . Two complexes (RAD51B-RAD51C-RAD51D-XRCC2 and RAD51C-XRCC3) are implicated in processes of genomic integrity via recombinational repair and Holliday junction resolution (Yokoyama et al. 2004; Liu et al. 2007 ). The MND1-HOP2 complex is meiosis-specific; efficacious homologous pairing is mediated by MND1-HOP2 stabilization of DMC1-ssDNA complexes and later stimulation of strand invasion and D-loop formation Pezza et al. 2007 ).
We searched for homologs for SPO11, RAD51, RAD54, MND1, and HOP2 (Figure 2) . Consistent with its critical function in meiosis, (Table 1) . Figure S33) . RAD51 is present across Hymenoptera, however its meiosis-specific paralog DMC1 is absent in most taxa (Figure 7, Supplementary  Figure S34 ). The apparent absence of DMC1 in basal hymenopterans A. rosae and N. lecontei and presence in Orussus abietinus and Cephus cinctus suggest this gene was lost at least 2 times in the course of hymenopteran evolution. There have been reports of independent losses of DMC1 in many eukaryotic lineages, including the arthropods A. pisum and D. pulex (Schurko et al. 2009; Schurko et al. 2010; Hanson et al. 2013) . Additional data from symphytan insects is needed to resolve the timing of various losses in Hymenoptera. We identified RAD51 paralogs RAD51C, RAD51D, XRCC2, and XRCC3 in all hymenopterans, with the exception of RAD51C, which was absent in aculeate insects (Figure 7 , Supplementary  Figures S34-S39) . RAD54 is present across Hymenoptera, however its paralog RAD54B was not found in the Ichneumonomorpha and Symphyta groups, suggesting 2 independent loss events ( Figure 2 , Supplementary Figures S40-S42) . Surprisingly, we found HOP2 and MND1 in nearly all insects; only Drosophila is missing these genes (Supplementary Figures S43-S44 ). This result is unexpected given the interaction of DMC1 with the HOP2-MND1 heterodimer and previous associations of the loss of the former with the absence of the latter in the nematode Caenorhabditis elegans and insects D. melanogaster and Anopheles gambiae (Ramesh et al. 2005; Schurko et al. 2010) . The presence of HOP2 and MND1 in these insects implicates alternate mechanisms of strand invasion following formation of double-strand breaks. Although RAD51 and DMC1 co-localize to regions flanking DSBs, RAD51 has an accessory role and no evidence for functional redundancy in the absence of DMC1 exists (Cloud et al. 2012; Brown et al. 2015 ). An alternate possibility is the co-opting of a RAD51 paralog in meiosis, although hymenopterans differ in the precise inventory of these genes.
SPO11 is present in all insects surveyed (Supplementary
MutL and MutS Homologs
Mismatch repair (MMR) during DNA replication in bacteria is a well-described mechanism that is facilitated by MutL, MutS, and MutH proteins. Multiple eukaryotic homologs of MutL (MLHs) and MutS (MSHs) have been identified and characterized (reviewed in Manhart and Alani 2016) . MutL homologs MLH1, MLH3, and PMS1 form heterodimers that are involved in MMR, and the MLH1-MLH3 complex also preferentially binds to Holliday junctions to facilitate crossover formation in meiosis (Kadyrov et al. 2006; Kadyrov et al. 2007; Ranjha et al. 2014) . PMS2 has an unclear function, but meiotic defects have been reported in PMS2 mutants in mice (Baker et al. 1995) . MSH proteins form heterodimers that are involved in MMR; MSH2-MSH6 are involved in the repair of small mismatches, whereas MSH2-MSH3 recognize larger indels (reviewed in Manhart and Alani 2016). The MSH4-MSH5 complex has no role in MMR. This meiosis-specific heterodimer forms a sliding clamp that facilitates the formation of stable recombination intermediates and promotes crossover products via the resolution of double Holliday junctions (Snowden et al. 2004) .
We surveyed insect genomes for MLH and MSH family proteins (Figure 2) . MLH1, PMS1, and PMS2 are conserved across Hymenoptera and form strongly supported clades, whereas MLH3 is absent in all queried insects ( Figure 8A, Supplementary Figures  S45-S48) . Copies of MLH1 found in Nasonia have long branches (Supplementary Figure S46) . We identified PMS1 in all Hymenoptera with the exception of Ceratosolen solmsi marchali. A small 46 amino acid N-terminal region was recovered in C. solmsi marchali, but the sequence had poor overall alignment relative to other hymenopteran PMS1 homologs and was not used in alignments to construct phylogenetic trees. BLAST searches failed to recover other protein regions in this wasp, indicating that the gene may be undergoing pseudogenization (Figure 2) . Overall, evidence suggests that this (Table 1) .
gene was absent in non-hymenopteran insects, present in the ancestral hymenopteran, and independently lost in C. solmsi marchali (Supplementary Figure S47) . The duplicates of PMS2 in Aedes are nearly identical and may represent a spurious assembly issue rather than a bona fide duplication event (Supplementary Figure S48) . MSH2 and MSH6 proteins involved in mismatch repair are found in all insects and form well-supported groups relative to meiosis-specific proteins MSH4 and MSH5 ( Figure 8B, Supplementary Figures  S49-S53 ). MSH2 is found in single copies in all taxa, whereas MSH6 has undergone at least 2 independent duplication events across the phylogeny; duplications in Proctotrupomorpha (Trichogramma pretiosum, C. floridanum) generated up to 3 copies of MSH6, and 5 copies in a wasp in Ichneumonomorpha (Microplitis demolitor) ( Figure 8B, Supplementary Figure S50, Supplementary Figure S53) . We identified MSH4 and MSH5 in single copies in all insects, with the exception of Drosophila and C. floridanum, which were missing both (Supplementary Figures S51-S52 ). Since MSH4 and MSH5 function as a heterodimer during meiotic recombination, functional loss of one protein may increase susceptibility of the other to the effects of pseudogenization. Indeed, the co-occurring absence of MSH4 and MSH5 due to loss has been described in fungi and protists (Villeneuve and Hillers 2001; Ramesh et al. 2005) .
RECQ Helicases
The RECQ protein family consists of several ATP-dependent helicases with roles in DNA replication, repair, and recombination (reviewed in Rezazadeh 2012). RECQ1 interacts with members of the MMR pathway (MSH2/6, MLH1/PMS2) during recombination (Doherty et al. 2005) . RECQ2 is a negative regulator of RAD51 nucleoprotein filament assembly and can prevent D-loop formation (Table 1) . (Wu et al. 2001; Bugreev et al. 2007 ). RECQ2 mutants have suppressed noncrossover recombinants, indicative of this protein's role in mediating recombination product formation (De Muyt et al. 2012) . RECQ3 binds specifically to Holliday junction intermediates (Compton et al. 2008 ) and mutants in Drosophila display stalled replication forks that likely contribute to chromosomal instability and decreased hatching frequency (Bolterstein et al. 2014) . RECQ4 co-localizes with RAD51 after induction of double-strand breaks, suggesting a role in DNA repair via recombination (Petkovic et al. 2005) . Indeed, RECQ4 has a high affinity for Holliday junction structures, yet its specific role in recombination is not fully understood (Sedlackova et al. 2015) . RECQ5 disrupts RAD51 filament formation to regulate recombination events (Hu et al. 2007; Paliwal et al. 2014) .
We searched for homologs for RECQ protein family members in insects (Figure 2, Supplementary Figures S54-S58 ). Proteins grouped into 5 distinct clades, and homolog membership was monophyletic with the exception of RECQ2 in Tribolium, which had low statistical support for grouping with RECQ1 homologs (Supplementary Figure S54) . RECQ1 is present in single copies in all insects with the exception of Drosophila, where it is absent (Supplementary Figure S55) . RECQ4 is also present in single copies across insects (Supplementary Figure S57) . We identified a RECQ2 duplication event in Proctotrupomorpha; C. floridanum has 2 copies of RECQ2, whereas all other wasps in this group have 3 copies (Supplementary Figure S56) . The most parsimonious explanation for the observed pattern is 2 successive duplications of RECQ2 in this insect group, followed by subsequent loss of a single copy in C. floridanum, although we cannot rule out the possibility that the draft assembly for C. floridanum is incomplete and precludes the identification of a third copy. RECQ5 duplicates are present in all major hymenopteran groups, and these copies in Proctotrupomorpha, Ichneumonomorpha, and Aculeata groups have long branches on trees (Supplementary Figure S58) .
Concatenated Datasets
The primary concatenated alignment dataset consisted of 46 meiosis and mitosis genes for a total of 23 500 alignment columns (Figure 2 , Figure 9A , Supplementary Figure S1) . Overall, the phylogenetic analysis supported the placement of diverse hymenopterans into 4 groupings, which correspond to the 3 monophyletic infraorders Proctotrupomorpha, Ichneumonomorpha, and Aculeata (Rasnitsyn 1988) as well as the basal paraphyletic suborder Symphyta ( Figure 9A ). In agreement with previous findings, (Table 1) .
we recovered Aculeata and Ichneumonomorpha as monophyletic groups with strong branch support ( Figure 9B , Dowton and Austin 2001; Vilhelmsen et al. 2010; Sharkey et al. 2012; Klopfstein et al. 2013; Mao et al. 2015; Peters et al. 2017) . The Proctotrupomorpha group is also monophyletic in our dataset ( Figure 9A ). Although taxa in Proctotrupomorpha are not always monophyletic in published hymenopteran phylogenies, the subset of wasps with genome data in this study belong to insect groups that are consistently monophyletic (Sharkey et al. 2012; Klopfstein et al. 2013) . Among the Symphyta, the sawflies N. lecontei and A. rosae are members of the Tenthredinidae family and are consistently reported as one of the most basal hymenopteran lineages (Malm and Nyman 2015; Song et al. 2016) . Two other sawflies, O. abietinus and C. cinctus, form a clade that serves as the symphytan outgroup to Proctotrupomorpha + Ichneumonomorpha + Aculeata ( Figure 9A ). The monophyly of O. abietinus and C. cinctus stands in contrast to other analyses that suggest these sawflies are paraphyletic (Malm and Nyman 2015; Song et al. 2016) . However, this result may not be robust given the limited number of symphytan taxa with genomic resources. Additional data from other basal hymenopterans may be needed to fully resolve the relationships.
Although the placement of hymenopteran species within Proctotrupomorpha, Ichneumonomorpha, and Aculeata is well supported and is consistent with published reports, there is weaker support for the relative placement of these 3 major clades. Our concatenated analysis with >50% species representation support the placement of Proctotrupomorpha and Ichneumonomorpha as sister lineages, a result that is consistent with many other recent phylogenetic surveys ( Figure 9B , e.g., Dowton and Austin 2001; Klopfstein et al. 2013; Mao et al. 2015 , Peters et al. 2017 ). However, there are examples of alternate relationships between Proctotrupomorpha + Ichneumonomorpha + Aculeata groups, with reports of Proctotrupomorpha (e.g., Dowton et al. 1997; Rasnitsyn and Zhang 2010; Vilhelmsen et al. 2010) and Ichneumonomorpha (e.g., Peters et al. 2011; Branstetter et al. 2016) as the outgroup in 3-group comparisons ( Figure 9B ). Indeed, there is somewhat weaker statistical support for the relative placement of Proctotrupomorpha + Ichneumonomorpha in our concatenated dataset ( Figure 9A ).
Additionally, there is weaker statistical support for the grouping of Proctotrupomorpha + Ichneumonomorpha + Aculeata clades that separate the insect suborder Apocrita from the Symphyta, although the loss of DMC1 in all species in the former and presence of DMC1 in some of the latter provides separate support for this grouping (Figure 2, Figure 9A ).
We performed maximum likelihood analysis of a second concatenated dataset using 33 genes that formed monophyletic clades in Proctotrupomorpha, Ichneumonomorpha, and Aculeata, for a total of 18 735 alignment columns. We found strong support for the placement of hymenopteran species within the major infraorders, however there was weaker support for stem branches above the infraorder level (Supplementary Figure S59) . In addition, Symphyta grouped as a monophyletic clade sister to Aculeata, a result in disagreement with the body of literature establishing Symphyta as a basal paraphyletic group (Supplementary Figure S59) . This result indicates that dataset composition can influence the inferred topological relationships between major groups of hymenopterans, and there is likely discordant evolutionary patterns among individual genes in this dataset. The intent of this study is not to make a definitive statement regarding the precise evolutionary relationships of these lineages and, as such, topological relationships should be interpreted with caution. Recent studies have superior sampling in terms of alignment size and number of species (e.g., Peters et al. 2017) . Overall, the robustness of statistical support in our topologies mirrors patterns of consensus and disagreement in published work.
Conclusions and Future Outlook
We have characterized an extensive inventory of meiosis genes in Hymenoptera. Seven of eight meiosis-specific genes queried in this study were identified in nearly every hymenopteran. Only DMC1 was not consistently found, suggesting that this gene may be dispensable for haplodiploid reproduction in this insect order. We also report the apparent absence of the meiosis-specific gene REC8 in 5 hymenopteran insects, CORT in the European paper wasp Polistes dominula, and MSH4 and MSH5 in the polyembryonic parasitoid wasp C. floridanum. It is possible that incomplete genome assemblies prevent identification of these genes, although this explanation is less likely for the concurrent absence of MSH4 and MSH5 in C. floridanum, as they function as a heterodimer and have both been lost multiple times in eukaryotic evolution (Villeneuve and Hillers 2001; Ramesh et al. 2005; Manhart and Alani 2016) .
We also detected several duplication events in meiosis genes. We identified gene duplications in individual species in addition to shared duplications, particularly in the SMC and RECQ gene families. Given the fragmented nature of some genome assemblies used in this study, it is possible that some gene duplicates in individual species represent artifacts produced by de novo assembly methods. Moreover, the presence of a gene duplicate does not reveal the precise role-if any-it plays in the progression of meiosis since the actual meiotic roles of genes are not directly tested with the inventory approach. Functional redundancy of gene duplicates may relax selective pressures to maintain sequence fidelity, and long branches representing substantial sequence divergence in gene copies may belie functional divergence. However, only through direct functional tests can the roles of inventory genes be explicitly assessed.
In the haplodiploid mode of reproduction that typifies Hymenoptera, females undergo meiosis during egg production, whereas males generate sperm ameiotically. The genes inventoried here suggest that although the precise complement of meiosis genes in a given insect is variable as a consequence of gene loss and duplication events, the requirement of meiosis in female gamete formation selects for the maintenance of a core machinery of meiosis-specific genes. The transition in reproductive strategies in Hymenoptera comprises one of many separate transitions to haplodiploidy in the tree of life (Bull 1983) . The "meiosis genetic toolkit" approach would be useful in studying patterns of gene retention and loss in additional systems to evaluate whether these patterns are Hymenoptera-specific or a general feature of transitions to haplodiploid reproduction. Within Hymenoptera, there are several mechanisms underlying loss of sexual reproduction (reviewed in Normark 2014). Datasets and analyses beyond the scope of the current work (e.g., additional asexual genomes, sex-specific expression of meiosis genes) will provide future opportunities to study genomic consequences of reproductive transitions.
The inventory of meiosis genes in Hymenoptera offers a promising opportunity to study alternative meiotic mechanisms. Whenever possible, future investigative efforts should combine cytological and genomic approaches. Many forms of asexual reproduction have been described in Hymenoptera, each with distinct cytological events and varied patterns of genome heterozygosity (van Wilgenburg et al. 2006) . Utilization of the meiotic gene inventory to study additional transitions to asexuality in hymenopterans would allow for the evaluation of meiosis gene conservation across organisms with diverse reproductive modes.
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